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A major objective of the Advanced Combustion Engineering Research Center (ACERC) is the
development of comprehensive combustion models to help in the solution of critical national
combustion problems. Computer models incorporate research and technology results from center
projects and from external research programs. The synergistic integration of scientific knowledge
that is expected from the NSF engineering research centers is demonstrated to a great extent at
ACERC by the development of these software tools. The transfer of technology from ACERC to
industry is also accomplished in part by the implementation of the models at industrial firms. The
effort to develop such products requires significant integration and development, together with
fundamental research. The development of comprehensive models also produces personnel and
technology able to help address the challenge of synergistic cross-linkage among thrust areas within
ACERC and provides an important means of transferring this technology to industry. This article
is an overview of the purpose, accomplishments and goals of research at ACERC in comprehensive
modeling (Thrust Area 5).

Introduction

evaluation is necessary at the submodel level with the
integrated models, including parametric sensitivity analyses. Submodel evaluation generally takes place with
stand-alone models versus fundamental laboratory data,
although the impact of changes to individual submodels
on comprehensive simulations is useful. The evaluation
of comprehensive models at increasing levels of complexity
(i.e., isothermal flow, gaseous combustion, particle-laden
cold flow, and combustion particle-laden flow) is necessary
for understanding the reliability of predictions. Data for
extensive evaluation of the comprehensive models in a
variety of furnaces operating under a wide range of
conditions is provided partially through other ACERC
research efforts (Thrust Area 6). An additional challenge
with complex 3-D computations is the interpretation of
results. A significant research effort is therefore spent in
providing graphical tools for establishing input grids and
parameters and for interpreting the results of the simulations. The research in these different projects is briefly
reviewed below.

of comprehensive models of coal combustion
processes to solve industrial problems is increasing as the
reliability and scope of application of such models increases.
A review of comprehensive modeling for both
entrained-flow and fixed-bed coal combustion was recently
published.1 Despite work at BYU and other institutions
The
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since the late 1970s,2-4 many modeling challenges remain.
As fundamental models of subprocesses are developed,
such submodels should be incorporated into the comprehensive models. Many ACERC research areas contribute
such submodels to the comprehensive code, such as
advanced submodels for coal devolatilization and char
oxidation (Thrust Area 1), a fouling/slagging submodel
(Thrust Area 2), a NO,/SO, submodel (Thrust Area 3),
and radiative and turbulence submodels (Thrust Area 4).
Thus the comprehensive models provide a means for
applying fundamental research and understanding to
industrial problems and needs.
Due to the large size and disparity in spatial and
temporal scales that must be addressed in modeling of
various industrial furnaces, advanced numerical methods
must be identified for solving the coupled equations
efficiently and accurately. As computer architectures
develop and mature, new strategies must be identified for
computer algorithms to take advantage of hardware such
as large memory machines, massively parallel computers,
and advanced engineering workstations. Significant model

Objectives and Approach
To be useful to industry, the modeling effort must
include code product development and technology transfer.
Thrust Area 5 consists of six aspects; (1) formulation of
comprehensive combustion models, (2) research in advanced numerical methods, (3) detailed model evaluation,
(4) comprehensive model product development, (5) crosslinkage among focused researchers, and (6) involvement
of developers in technology transfer. These six aspects
are thus divided into three broad classifications in Thrust
Area 5: (1) model formulation and computational methods,
(2) model evaluation, and (3) comprehensive code product
development and application. The active and proposed
projects of Thrust Area are summarized in Table I.
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Research Projects
Location

Principal Investigator

Projects

7,

A.Descriptions of Physical Processes
Development of 3-D pulverized coal
combustion model (92-PCGC-3)
Advanced 3-D model development
Evaluation of other CFD models
Advanced 2-D model development
1-D fixed-bed model development

Dr. Scott Hill

Combustion Computations Laboratory, BYU

Dr. Thomas H. Fletcher
Dr. Andrew Eaton
Dr. Scott Brewster
Dr. Predrag Radulovic and
Dr. L. Douglas Smoot

Chemical Engineering Department, BYU
Combustion Computations Laboratory, BYU
Combustion Computations Laboratory, BYU
Mechanical Engineering Department, BYU,
and Chemical Engineering Department, BYU

B.Advanced Numerical Algorithms

Multilevel algorithms

Dr. Dov Bai

Parallel computing

Dr. Chris Sikorski

Computer Science Department, Cornell
Computer Science Department, U. of Utah

(^Interpretation of Results
Pre- and postprocessing

Dr. Scott Hill and
Dr. Thomas Sederberg

generation 3-D coal combustion code, 92-PCGC-3, based
on the 3-D gaseous combustion code, 90-PCGC-3.5 Evaluation focuses on both the accuracy and efficiency of the
submodels as the number of computational cells increases.
This project is described in detail by Hill and co-workers
in a subsequent article in this issue.6 Evaluation of these
models is accomplished by comparisons of predicted values
with data measured in experimental facilities. The 92PCGC-3 model includes a particle trajectory submodel,7
coal devolatilization and char oxidation submodels, a
radiative heat-transfer submodel, a NO, submodel,8 and
a nonlinear k-t turbulence submodel.9 A detailed user’s
manual has been written for this computer code. The 3-D
coal combustion code is presently being evaluated by
comparison with experimental data from several furnaces
where data are available, including (a) a 0.8-MW boiler
operated by Consolidated Coal Co. of Library, PA; (b) a
furnace from the International Flame Research Foundation (IFRF) in IJmuiden, Holland; and (c) the 80-MWe
tangentially-fired, Goudey Station power plant in Johnson
City, NY, which is operated by NYSEG. In situ measurements have been made in this boiler by other ACERC
investigators for use in evaluating comprehensive combustion models10,11 and for interpreting combustion processes.

3-D Code Advanced Research. This project is focused
the incorporation of new fundamental research into
the comprehensive coal combustion codes. Probable topics
for consideration are as follows: turbulence/chemistry
interactions, including the PDF convolution technique and
the coal gas mixture fraction approach; fluid dynamics;
and fundamental coal reactions. Accomplishments during
this past year include the addition of an advanced char
oxidation submodel into PCGC-2, which has the capabilities for nonunity orders of char reaction rates, uses
pressure units instead of concentration in the rate constant
and allows for specification of the CO/CO2 product ratio
at the particle surface. These changes allow for easy
incorporation of rates from recent experiments.12 The
on
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chemical percolation devolatilization (CPD) model was
also incorporated into PCGC-2. The CPD model uses coaldependent input parameters which come directly from
chemical analyses such as 13C NMR spectroscopy.13 An
advantage of the CPD model is that it can describe the
slow degassing that occurs after the rapid tar release step,
meaning that the overlap region between char oxidation
and devolatilization can be modeled. These two submodels
will also be included into the 3-D code in the near future.
Longer range plans include (1) introducing a progress
variable to monitor the evolution of pyrolysis products
separately from char oxidation products and (2) treatment
of soot formation, destruction, and radiation in turbulent
coal flames.
Computational Fluid Dynamics Codes Evaluation.
The primary objective of this project is to assess the
combustion modeling capabilities of representative commercial computer codes and compare these capabilities
with those in PCGC-3. A secondary objective is to explore
the feasibility of linking ACERC-developed combustion
phenomenological submodels with the different commercial codes. The codes will be evaluated by running several
sample problems and comparing the results for a set of
selected criteria. Initially, the codes being compared are
FLUENT, developed by Fluent, Inc., and FLOW3D,
developed at Harwell Laboratories in England.

Multilevel Algorithms for Combustion Modeling.
Numerical codes based on multilevel techniques have
proven to be highly efficient in many areas of science and
technology. In many instances, the improvement in
performance over codes which use standard differencing
schemes can be 2 orders of magnitude or more. Because
of the complexity and the large computation time needed
for modeling realistic 3-D combustion furnaces, multigrid
algorithms offer substantial benefits for these types of
codes. The objective of this project is to develop an
efficient multigrid (MG) code for general purpose 3-D
combustion modeling.
Parallel Computations for Combustion Engineering. The objective of this project is to study parallel,
distributed memory algorithms for combustion engineering
problems. New computing technologies (distributed processing) are being developed to simulate combustion with
(12) Hurt, R. H.; Mitchell, R. E. In Twenty-Fourth Symposium
(International) on Combustion·, The Combustion Institute: Pittsburgh,
PA, in press.
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of low-cost parallel architectures and application of

these same distributed processing techniques to scientific

visualization techniques.
A 3-dimensional visualization package has been designed
to analyze 3-D flow structures. The magnitudes of velocity
and vorticity of the flow have been visualized using volume
rendering techniques.14-16 Animation of the flow parameters has been accomplished by storing several 3-D sections
of the flow domain on the Abekas digital video disk. A
new parallel algorithm implementing the X-Y-Z sweep
technique used in combustion codes has been implemented. It has been checked for correctness on model problems
and coupled with 3-D combustion codes developed at
ACERC. Preliminary work has been done on the macroscale domain decomposition with 3-D codes. A 3-D volume
visualization package has been applied to visualize mixing
layer simulation data provided by McMurtry,17 as well as
various flow parameters in industrial furnaces.18

Preprocessor/Postprocessor Development. Considerable effort is involved in setting up all of the input
files required for a simulation with a multidimensional
code, and the results of such a simulation are difficult to
interpret without some means of graphically displaying
the results. Thus, computer programs for generation of
the input grid and data files, and for analysis of the
computed results are necessary for any three-dimensional
simulations of practical combustion systems.
Postprocessing. The version of the post-processing
routine (CQUEL.B YU) being developed for ACERC runs
under X-Windows on machines manufactured by Sun,
IBM, Hewlett Packard, DEC, and Silicon Graphics. The
code currently has the capabilities to plot contours, vectors,
shaded surfaces, and color fringes. It also supports
PostScript printing, TIFF files, and autostereograms.
Capabilities have been added for plotting particle traces,
volume rendering using ray tracing, and additional types
of labeling. CQUEL supports ACERC’s input format, as
well as PLOT-3D and IGES. Recent efforts have focused
on using animation as a postprocessing tool. CQUEL now
has the capability of defining several key-frame animation
options for observing steady-state gas dynamics, and for
watching the change in function values as a plane passes
through the furnace volume. The capability to track
particle traces through time will be added shortly. An
improved file format has also been implemented which
allows the user to predefine which of the 30 functions
generated by the analysis code are to be displayed. This
greatly improves the speed for post-processing and decreases the memory requirements.
Preprocessing. The preprocessor (SPARK) is used to
generate the input files for the combustion codes used in
ACERC. The pre-processor uses the same X-Windows
toolkit which is used by CQUEL. Thus, there is a similar
look-and-feel between CQUEL and SPARK. SPARK
supports grid definitions for both the two-dimensional
and three-dimensional codes. SPARK has been enhanced
to support all of the input files required for the 3-D code,
including inlet velocity profiles. Only grid generation for
the 2-D code is supported at the present time; additional
(14) Ma, K.-L.; Sikorski, K. Presented at the 5th SIAM Conference on
Parallel Processing for Scientific Computing, 1992.
(15) Ma, K.-L.; Cohen, M.; Painter, J. j. Visualization Comput.

Animation

1991.
(16) Clarksean, R.; Ma, K.-L. Presented at the Proceedings of the
Fluid Dynamics Conference, 1991.
(17) McMurtry, P., personal communication, 1993.
(18) Smith, P. J., personal communication, 1993.
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capability will be added for the 2-D code in the near future.
The input model can now be visualized with a 3-D
perspective view which will also show the input velocities
specified by the user. SPARK also allows for familiar
editing features like cut, copy and paste for groups of cells
or planes in a model. SPARK has also been enhanced to
allow for generation of general 3-D polygons, which greatly
simplifies creating and modifying furnace models. SPARK
now provides information about the model being generated, such as the area of the inlets, geometric information
of cells, and aspect ratios throughout the model.
One-Dimensional Fixed Bed Model. The principal
objective of this research effort is to develop, evaluate,
and apply an advanced, one-dimensional, fixed-bed model
for combustion and gasification of coal. Improvements
being sought in current fixed-bed model technology include
incorporation of an advanced, coal-general submodel,19
separate gas and coal particle temperatures, radiative heat
transfer, variable solids flow and bed porosity, generalized
gaseous composition, and SOx/NOx pollutants.
The fixed-bed code, FBED-1, is a steady-state, onedimensional model of countercurrent, fixed-bed coal
gasification. FBED-1 includes an advanced devolatilization submodel, FG-DVC. Recent accomplishments include predictions of product gas composition and temperature as well as tar production. A sensitivity analysis
was performed, including model parameters such as solidgas heat transfer, ash diffusion, oxidation and gasification
kinetics, wall heat loss, and switch temperature for gas
phase equilibrium. The effect of feed gas temperature,
an operational variable, was also studied. Code evaluation
was performed by comparison of predictions with experimental data from the atmospheric pressure, air-blown,
dry-ash Wellman-Galusha gasifier.20
Two-Dimensional Model Development. The objective of this program is to develop and evaluate an improved
and generalized version of the 2-dimensional model for
pulverized coal gasification and combustion (PCGC-2).
During the past year, two new versions of the devolatilization submodel, FG-DVC,19 were integrated into PCGC2. The latest version has the capability for predicting
evolution of sulfur and nitrogen pollutant precursors,
particle swelling based on coal fluidity, and char reactivity
based on composition and structure. A condensed-phase
equilibrium algorithm, taken from the METC equilibrium
code (METCEC), was also implemented in PCGC-2. The
new algorithm correctly predicts gas-phase compositions
in equilibrium with solid carbon. A problem in the
calculation of the axial momentum particle source term
was corrected. Previously, the source term was calculated
from the total change of particle momentum in a cell. Now,
the source term only depends on the interaction with gas.
PCGC-2 was evaluated with data from five reactors:
the AFR transparent wall reactor (TWR); the ACERC
controlled profile reactor (CPR); the Imperial College
reactor; three cases of high-pressure gasification in the
BYU gasifier; and eleven cases of coal combustion in the
ABB-CE drop-tube furnace system (DTFS). Three industrial-scale reactors of commercial interest were selected
(19) Solomon, P. R.; Hamblen, D. G.; Caiangelo, R. M.; Serio, . A.;
Deshpande, G. V. Energy Fuels 1988, 2, 405-422.
(20) Thimsen, D.; Maurer, R. E.; Poole, A. R.; Pui, D. Y. H.; Lui, B.
Y.H.; Kittelson, D.B. “Fixed-Bed Gasification Research Using U.S. Coals",
Volumes 1-19, Reports for the U.S. Department of Energy, Morgantown
Energy Technology Center, Morgantown, WV; Black, Sivalls, and Bryson,
Inc., Houston, TX, Interagency Agreement No. DE-AI21-7ET 10205,
DOE/ET/10205-1689 (DE 85002000), 1984.
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to demonstrate the applicability of the model. The first
is the Coal Tech advanced, air-cooled cyclone combustor
developed under the DOE Clean Coal Technology program.
The other two are the Texaco gasifier used in the Cool
Water Coal Gasification Program and a two-stage, slagging
combustor designed by Solar Turbines Inc. for a coal-

fueled industrial gas turbine.

Plans
Many of the codes being developed in ACERC are
reaching the point where a first generation version of those
codes are being completed. Future plans in this thrust
area will focus on (1) evaluating these codes by comparing
predictions with measured data, (2) applying the technology to industrial applications, (3) transferring the
technology to industrial users, (4) developing advanced
submodels, and (5) extending the codes to different reactor
types. Each of these areas will contribute to development
of the next generation version of the different codes.
Better descriptions of important combustion processes
will be required as industry demands more accurate
simulations. Potential submodel development will be in
areas such as acid rain, coal reactions processes, radiative
heat transfer, fouling/slagging, minerals behavior, coal
structure, numerical methods, soot, particle diffusivity,
turbulence/chemistry interactions, etc. Possible exten-
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sions of the codes to different applications are fluidized
beds, high-pressure combustion/gasification, and combined cycles. Additional numerical enhancements to the
codes which would result in major restructuring include
multigridding, body-fitted coordinates, and finite elements.

Conclusion
The research on comprehensive model development in
ACERC is focused on improving physical descriptions of
coal combustion processes, numerical solution techniques,
and graphical interpretation. Models developed include
2- D and 3-D descriptions of pulverized coal combustion
and gasification and fixed-bed gasification. Comprehensive combustion modeling papers from the conference
published in this volume include (1) a description of the
3- D code (PCGC-3) and its application to a small-scale
utility boiler;6 (2) application of the 2-D code (PCGC-2)
to investigate the structure of a near-laminar coal jet flame;1
(3) application of computer graphics for visualization in
combustion processes;21 (4) use of distributed processing
for combustion simulations;22 and (5) application of
distributed processing with a 3-D Navier-Stokes solver.14
(21) Zundel, A. K.; Saito, T.; Owen, S. J.; Sederberg, T. W. Energy
Fuels, this issue.
(22) Sikorski, K.; Ma, K.-L; Smith, P. J.; Adams, B. Energy Fuels,
this issue.

